The efficacy and safety of lisdexamfetamine dimesylate (LDX) vs placebo in binge eating disorder (BED) was evaluated in two multicenter, double-blind, placebo-controlled trials. Adults (study 1, n = 383; study 2, n = 390) meeting DSM-IV-TR BED criteria were randomized (1:1) to placebo or LDX (50 or 70 mg/day) dose titration; optimized doses were maintained to the end of double-blind treatment (week 12/ early termination). Change from baseline in binge eating days/week at weeks 11−12 (primary efficacy endpoint) was assessed with mixedeffects models for repeated measures. Secondary endpoints related to binge eating and medical parameters, safety, and treatment compliance were also assessed. Least squares mean (95% CI) treatment differences for change from baseline binge eating days/week at weeks 11-12 significantly favored LDX (study 1: -1.35 [-1.70, -1.01]; study 2: -1.66 [-2.04, -1.28]; both Po0.001). In both studies, treatment-emergent adverse events (TEAEs) reported by ⩾ 10% of LDX participants were dry mouth, insomnia, and headache. Serious TEAEs occurred in two (1.1%) placebo participants in each study and in three (1.6%) and one (0.6%) LDX participants in study 1 and study 2, respectively. Across studies, mean increases from baseline at week 12/early termination with LDX for pulse and systolic and diastolic blood pressure ranged from 4.41-6.31 b.p.m. and 0.2-1.45 and 1.06-1.83 mm Hg, respectively. LDX (50 and 70 mg/day) was superior to placebo in decreasing binge eating days/week from baseline and improving binge eating-related key secondary endpoints. Safety results appear consistent with the known safety profile of LDX.
INTRODUCTION
The Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition (DSM-5) recognizes binge eating disorder (BED) as a distinct disorder (American Psychiatric Association, 2013) . In BED, binge eating episodes occur ⩾ 1 time per week for ⩾ 3 months; in the DSM-IV-TR provisional BED criteria, binge eating occurs on average ⩾ 2 days per week for ⩾ 6 months (American Psychiatric Association, 2000) . During these episodes, larger than usual amounts of food are consumed during a discreet time period and there is subjective lack of control and marked distress over eating. Unlike in bulimia nervosa and anorexia nervosa, there are no recurrent and inappropriate compensatory behaviors in BED, such as excessive exercise or purging.
The estimated lifetime prevalence of BED is~2−3% (Hudson et al, 2007; Kessler et al, 2013) . Individuals with BED have been reported to be at increased risk for obesity and psychiatric comorbidities (Hudson et al, 2007; Kessler et al, 2013) ; to be at increased risk for developing components of metabolic syndrome, including dyslipidemia and type 2 diabetes, even after controlling for body mass index (BMI) (Hudson et al, 2010) ; to have reduced healthrelated quality of life (Masheb and Grilo, 2004) ; and to have increased healthcare utilization (Striegel-Moore et al, 2004) . Evidence suggests that binge eating pathology in BED may respond to psychotherapy and pharmacotherapy (Reas and Grilo, 2014; Vocks et al, 2010 ) . Given the prevalence and consequences of BED, more treatment options are needed.
Lisdexamfetamine dimesylate (LDX), a d-amphetamine prodrug (Pennick, 2010) indicated for the treatment of attention-deficit/hyperactivity disorder, is also now approved in the United States for the treatment of adults with moderate to severe BED (Vyvanse [lisdexamfetamine dimesylate], 2015) . In a phase 2, fixed-dose, randomized, multicenter, double-blind, parallel-group, placebo-controlled, dose-finding study, LDX (50 and 70 mg/day but not 30 mg/day) demonstrated efficacy vs placebo in decreasing binge eating days in individuals with BED (McElroy et al, 2015) . Here, the efficacy, safety, and tolerability findings of two phase 3, randomized, multicenter, double-blind, parallel-group, placebo-controlled trials in adults with protocol-defined BED of at least moderate severity are reported.
MATERIALS AND METHODS

Trial Design
Two randomized (1:1), placebo-controlled, parallel-group, multicenter studies (Study 343, NCT01718483 [referred to as study 1 hereafter]; Study 344, NCT01718509 [referred to as study 2 hereafter]) were conducted using the same design and methods. Study 1 included 50 unique sites (United States, n = 44; Sweden, n = 3; Spain, n = 1; Germany, n = 2) between 26 November 2012 and 25 September 2013. Study 2 included 43 unique sites (United States, n = 41; Germany, n = 2) between 26 November 2012 and 20 September 2013. In studies 1 and 2, the mean number of randomized participants per site was 7.7 (median, 7; range, 1-24) and 9.1 (median, 8; range, 1-25) , respectively. For each site, there was only one principal investigator but multiple clinicians may have been involved at any individual site. Qualified clinicians were trained and approved to ensure rigor, validity, and standardization. Standardized training was provided by an expert in BED and included training on the DSM-IV-TR criteria for BED, the core symptoms of BED, the definition of a binge eating episode, and on the completion, content, and interpretation of the daily binge diary.
Subsequent to study completion and before unblinding, two sites were excluded from study 2. One site was excluded for Good Clinical Practice non-compliance; efficacy data were excluded and safety data were included in primary analyses. One additional site was excluded due to an initiated external investigation for reasons unrelated to the respective study; safety and efficacy data from this site were excluded from primary analyses.
Each study included 2-to 4-week screening, 12-week double-blind treatment (dose optimization, 4 weeks; dose maintenance, 8 weeks), and 1-week follow-up phases ( Figure 1a ). Dose-optimization designs, with target doses established in the phase 2 study (50 and 70 mg LDX) (McElroy et al, 2015) , were used. Study protocols were approved by ethics committees; both studies were conducted in accordance with International Conference on Harmonisation Good Clinical Practice and the principles of the Declaration of Helsinki. Participants were required to provide written, informed consent before entering the studies.
Participants
Participants were recruited from investigators' databases and via local/central advertisement. Eligible participants were men or nonpregnant women (18-55 years). These studies were conducted before the release of the DSM-5, which states that the minimum level of BED severity should be based on the frequency of episodes of binge eating and that the severity level may be increased to reflect other symptoms and the degree of functional disability (American Psychiatric Association, 2013) . These studies implemented dual criteria for protocol-defined moderate to severe BED that were based on DSM-IV-TR criteria and agreed upon by the authors.
These dual criteria designated moderate to severe BED as the presence of a binge eating frequency of ⩾ 3 binge eating days/week for 2 consecutive weeks before baseline and a Clinical Global Impressions-Severity score (Guy, 1976) at screening and baseline of ⩾ 4. These criteria were considered clinically relevant because, in addition to accounting for binge eating frequency, they incorporate a global assessment of binge-related symptoms, distress, and impairment. BED diagnosis was confirmed by the eating disorders module of the Structured Clinical Interview for the DSM-IV-TR Axis I Disorders (SCID-I) (First et al, 2007) and the Eating Disorder Examination Questionnaire (Fairburn and Beglin, 1994) . At screening and baseline, eligible participants had BMI ⩾ 18 and ⩽ 45.
Key exclusion criteria included: current anorexia nervosa (AN) or bulimia nervosa (BN), as defined by the SCID-I eating disorders module; comorbid current psychiatric disorders either controlled with prohibited medications or uncontrolled and associated with significant symptoms or any condition/symptom that may confound clinical assessment; psychotherapy or weight loss support (including peer support) for BED ⩽ 3 months before screening (psychotherapy for conditions other than BED was not recorded); use of psychostimulants for fasting or dieting for BED ⩽ 6 months before screening; Montgomery-Åsberg Depression Rating Scale total score ⩾ 18 at screening; being considered a suicide risk by the investigator, having previously made a suicide attempt, or currently demonstrating active suicidal ideation; lifetime histories of psychosis, mania, hypomania, dementia, or attention-deficit/hyperactivity disorder; histories of symptomatic cardiovascular disease, structural cardiac or heart rhythm abnormalities, cardiomyopathy, or coronary artery disease; moderate or severe hypertension, resting average sitting systolic blood pressure 4139 mm Hg, or average diastolic blood pressure 489 mm Hg at screening or baseline (mild, controlled hypertension was not exclusionary); a clinically significant electrocardiogram (ECG) at screening or baseline; lifetime amphetamine or stimulant abuse/dependence histories; recent history of substance abuse/dependence (except nicotine); and having known/ suspected intolerance or hypersensitivity to LDX or related compounds.
Intervention
After a 2-to 4-week screening period, eligible participants were randomized 1:1 to 12 weeks of dose-optimized LDX or matching placebo (Figure 1a ). The randomization schedule was assigned by an interactive web response system. For blinding, both treatments were identical in appearance; the blind was not to be broken during the study.
During week 1, LDX was given at a daily dosage of 30 mg for initial titration only. During week 2, the daily LDX dosage was titrated to 50 mg. During weeks 3-4, increases to 70 mg LDX were made based on tolerability and clinical need. A single downward titration to 50 mg was allowed at week 3 if the 70-mg dose was not tolerated. During weeks 4-12, the optimized LDX dosage (50 or 70 mg) was maintained. If a dose reduction occurred during optimization phase, no further changes were allowed during maintenance; participants requiring such a reduction were discontinued from the study. Throughout the study, participants were instructed to consume one capsule daily at~0700 hours (±2 h). A follow-up visit occurred 1 week after week 12/early termination (ET).
Efficacy Assessments
The primary efficacy endpoint was change from baseline in binge eating days/week at weeks 11-12 (visit 8) based on participants' daily binge eating diaries, as reviewed and confirmed by investigators, as previously reported in a phase 2 study (McElroy et al, 2015) . To allow for visit windows of ± 2 days and for missing diary days, binge eating days/week was the number of confirmed binge eating days between visits multiplied by 7 and divided by the number of nonmissing diary days during the period. Binge eating days were recorded in daily participants' diaries and assessed by clinicians at all study visits except screening.
Prespecified key secondary endpoints assessed global BED improvement (CGI-Improvement; CGI-I) at week 12/ET, proportion of participants with 4-week binge eating cessation at week 12/ET (no binge eating episodes for 28 consecutive days before the last visit), Yale-Brown Obsessive Compulsive Scale Modified for Binge Eating (Y-BOCS-BE) total score changes from baseline at week 12), and medical aspects (percentage weight change from baseline at week 12 and fasting triglyceride changes from baseline to week 12/ET) of BED. CGI-I scores were assessed at weeks 1-4, 6, 8, 10, and 12/ET. Body weight was assessed on a calibrated scale (without shoes) at all study visits. The Y-BOCS-BE, a modified version of Y-BOCS (Goodman et al, 1989 ) that has previously been used in BED pharmacotherapy studies (McElroy et al, 2003 (McElroy et al, , 2007a , was assessed at baseline and weeks 4, 8, and 12/ET. The Y-BOCS-BE assesses obsessiveness of binge eating thoughts and compulsiveness of binge eating behaviors using a 10-item clinician-rated 
Safety and Tolerability Assessments
Safety and tolerability assessments included adverse events (AEs), vital signs, weight, ECGs, clinical laboratories, and scores on the Columbia-Suicide Severity Rating Scale (C-SSRS) and Amphetamine Cessation Symptom Assessment (ACSA). The C-SSRS is a clinician-administered prospective assessment of suicidal ideation and behavior (Posner et al, 2011) . The ACSA, a self-completed questionnaire, contains 16 items rated on 5-point scales (0 [not at all] to 4 [extremely]); total score ranges from 0-64 (McGregor et al, 2008) . Adverse events, vital signs, weight, and C-SSRS scores were assessed at all study visits. Scores on the ACSA were assessed at baseline, week 12/ET, and daily through the follow-up period. Clinical laboratory evaluations were assessed at screening and week 12/ET; ECGs were assessed at screening, baseline, week 4, and week 12/ET. Clinical adherence (participants taking 80-100% of study medication) was determined by the investigator at every visit for study management purposes; calculated adherence (participants taking 80 − 120% of study medication: total capsules taken × 100/total days of dosing) was determined as a statistical compliance assessment.
Statistical Analysis
Statistical assessments of the primary and key secondary efficacy endpoints were conducted in the full analysis set (all randomized participants taking ⩾ 1 study drug dose and having ⩾ 1 postbaseline primary efficacy assessment); statistical significance was set at a 2-sided Po0.05. Hierarchical testing procedures were used, with statistical assessments made in the following order based on clinical importance and likelihood of effect based on phase 2 results: changes in binge eating days/week, CGI-I, 4-week binge eating cessation, percentage body weight changes, Y-BOCS-BE total score changes, and triglyceride changes. A later test was only significant if all earlier tests were significant.
Sample size was estimated for the primary efficacy endpoint using nQuery 6.0 (Statistical Solutions; Boston, MA). Assuming an effect size of 0.4 (LDX vs placebo), it was estimated that 133 participants completing each treatment would provide 90% power.
Change in binge eating days/week was assessed using a mixed-effects model for repeated measures (MMRM), with treatment, visit, and the treatment × visit interaction as factors and baseline binge eating days/week as a covariate; the baseline binge eating days/week × visit interaction was also included in the model. MMRM accounts for the repeated measures structure of the data by factoring in correlations within each participant across multiple visits (Siddiqui, 2011) and is an analytic method that is widely accepted for continuous endpoints in clinical trials. The primary efficacy analysis was based on the assumption of a missing-at-random mechanism, namely, missingness was not related to the data not observed (Little et al, 2012) . Two preplanned sensitivity analyses were conducted using a different missing-not-at-random mechanism, which assumes that missingness was related to the data observed (Little et al, 2012) . The first preplanned sensitivity analysis model used multiple imputations based on the distribution of placebo responses over time; the second model used multiple imputations with penalties applied to participants who discontinued.
Dichotomized CGI-I scores of improved (very much improved or much improved) vs not improved (minimally improved to very much worse) and the proportion of participants attaining 4-week binge eating cessation at week 12/ET were assessed with χ 2 tests and CIs for binomial proportions. Y-BOCS-BE total score changes and percentage weight changes from baseline to week 12 were assessed using MMRM, as described above. Change from baseline to week 12/ET in triglycerides was assessed using analysis of covariance, with treatment as a factor and baseline as a covariate. Safety and tolerability assessments were conducted in the safety analysis set (all randomized participants taking ⩾ 1 study drug dose and having ⩾ 1 postbaseline safety assessment) and are presented descriptively.
Post hoc sensitivity analyses were also conducted that included data from the two aforementioned excluded sites using the same statistical methods described above.
RESULTS
Disposition and Demographics
Most participants from each treatment group completed each study (Figure 1b ). Demographic and clinical characteristics are summarized in Table 1 . In both studies, most participants were white, female, and obese (BMI ⩾ 30.0 kg/m 2 ). The baseline mean ± SD number of binge eating days/week was 4.69 ± 1.237 in study 1 and 4.75 ± 1.359 in study 2.
The overall proportion of individuals with comorbid psychiatric disorders was low, with the most common psychiatric disorder in each study being past major depressive disorder (Supplementary Table 1 No participant in either study met criteria for a current diagnosis of BN or AN or for diagnoses of BN or AN within the last month. In study 1, two participants reported lifetime histories of AN (at least 58 months had elapsed since the last symptoms) and six participants reported lifetime histories of BN (at least 18 months had elapsed since the last symptoms). In study 2, one participant reported a lifetime history of AN (at least 72 months had elapsed since the last symptoms) and two participants reported lifetime histories of BN (at least 36 months had elapsed since the last symptoms).
Drug Exposure and Adherence
The mean ± SD daily LDX dosage during the entire doubleblind treatment phase was 56.9 ± 9.72 mg (study 1) and 57.6 ± 9.24 mg (study 2 
Efficacy
Primary endpoint. The least squares mean (SEM) changes from baseline in binge eating days/week at weeks 11 − 12 were -2.51 (0.125) with placebo and -3.87 (0.124) with LDX in study 1 and -2.26 (0.137) with placebo and -3.92 (0.135) with LDX in study 2 (Figure 2a and b; see Table 1 for baseline values); least squares mean (95% CI) treatment differences for change from baseline at weeks 11 − 12 favored LDX for both studies (study 1: -1. The pattern of missing values and the results of the preplanned sensitivity analyses based on missing-not-atrandom assumptions for the change from baseline in the number of binge days per week are summarized in Supplementary Tables 2 and 3 , respectively. The results of the preplanned sensitivity analysis were consistent with the primary analysis results, indicating the data are robust to underlying missingness assumptions.
Subgroup analyses of the primary efficacy endpoint by age (o40 vs ⩾ 40 years), sex, and race (white vs nonwhite) are depicted in Supplementary Figure 1 . In all subgroups, least squares mean decreases from baseline in the number of binge eating days/week were noted for both treatment groups and were numerically greater for LDX vs placebo. For the majority of subgroups, the 95% CIs (except for the male and non-white subgroups in study 1) fell to the left of zero, indicating greater mean improvement for LDX relative to placebo. However, because randomization was not stratified based on these subgroups, the number of participants within each subgroup was not consistently balanced and definitive conclusions cannot be drawn.
Key secondary endpoints. Statistically significant treatment effects favoring LDX were seen for CGI-I, 4-week cessation, body weight, and Y-BOCS-BE in both studies (Table 2) .
Differences in the reduction in triglyceride levels for LDX vs placebo were also statistically significant in both studies (Table 2) , with mean values being within the normal range at baseline and week 12/ET.
Safety and Tolerability
In each study, 450% of the participants in each treatment group reported TEAEs (Table 3) ; more TEAEs were related to study drug with LDX than with placebo. Most TEAEs in each study were mild or moderate in severity. In each study, TEAEs reported by 410% of LDX-treated participants were dry mouth, headache, and insomnia; no TEAE was reported in 410% of placebo-treated participants (Table 3) .
Serious TEAEs were infrequent and reported in equal proportions with LDX and placebo in each study (Table 3) and generally reflected intercurrent illness and accidental or potential BED-associated comorbidities. LDX-associated SAEs were considered unrelated to treatment by investigators, except for two syncope cases which resulted in participant discontinuation. One case did not require medical intervention; the other was confounded by multiple concomitant medications and a medical history of narcolepsy and hypertension. A single instance of syncope as a treatment-emergent SAE also occurred with placebo and resulted in participant discontinuation. TEAEs leading to discontinuation occurred infrequently in both groups in both studies (Table 3) ; there were no deaths during either study.
Across studies, mean increases from baseline at week 12/ET with LDX ranged from 4.41-6.31 b.p.m. for pulse rate, 0.2-1.45 mm Hg for systolic blood pressure, and 1.06-1.83 mm Hg for diastolic blood pressure (Table 3 ). All baseline ECG measures were similar between treatments in each study, with ECG-assessed heart rate changes being similar to pulse rate changes (Table 3) .
Mean ± SD ACSA total aggregate scores were low at baseline in both groups (study 1: placebo = 9.6 ± 8.63, LDX = 10.3 ± 10.28; study 2: placebo = 7.6 ± 8.87, LDX = 7.3 ± 8.46); scores were below baseline scores during the post-cessation period (day of last dose: placebo = 7.3 ± 7.74 and LDX = 5.7 ± 7.37 in study 1 and placebo = 7.0 ± 7.69, LDX = 4.6 ± 5.83 in study 2); 7 days post treatment: placebo = 5.5 ± 7.41 and LDX = 5.7 ± 7.42 in study 1 and placebo = 4.1 ± 6.02 and LDX = 5.1 ± 7.32 in study 2), with no indication of withdrawal symptoms as measured by ACSA.
On the C-SSRS, there were no positive affirmations including preparatory acts, actual, interrupted, or aborted suicide attempts with either treatment during either study. There were positive affirmations of active suicidal ideation in study 1 only with placebo ("any active suicidal ideation": n = 1 each at weeks 1 and 12). There were no positive affirmations of active suicidal ideation with either treatment in study 2.
Post Hoc Sensitivity Analyses
The overall efficacy, safety, and tolerability findings of study 2 did not change based on the inclusion of data from the 2 aforementioned excluded study sites (data not shown). 
DISCUSSION
LDX produced statistically significant and clinically meaningful reductions in binge eating days/week (primary efficacy endpoint) relative to placebo in adults with moderate to severe BED. This same effect was observed in both of the two identically designed studies. These results are consistent with previous findings from a phase 2 trial of LDX for the treatment of BED, in which 50 and 70 mg LDX (but not 30 mg) produced significantly greater decreases in binge eating days/week than placebo (McElroy et al, 2015) . In the current studies, LDX was also associated with statistically significant and clinically meaningful greater response on outcomes of global improvement in BED pathology, 4-week cessation of binge eating at endpoint, and BED-related obsessive and compulsive psychopathology.
In addition, the percent weight reduction from baseline with LDX was statistically significantly greater than with placebo. Reductions from baseline in fasting triglycerides were statistically greater with LDX compared with placebo, but the clinical significance of these changes is unclear because mean baseline and week12/ET values were in the normal range.
Although LDX is currently the only medication approved for the treatment of adults with mild to moderate BED by the US Food and Drug Administration (Vyvanse [lisdexamfetamine dimesylate], 2015) , several other types of medications have been investigated for the treatment of BED. Placebo-controlled studies of antidepressants have usually, but not always, found a statistically significant reduction in the frequency of binge eating and related measures of mixed-effects model for repeated measures, with treatment, visit, and the treatment × visit interaction as factors and baseline value as a covariate and the interaction of baseline × visit included in the model; effect size based on the estimated SD from the unstructured covariance matrix. e P-values based on analysis of covariance, with treatment as a factor and baseline value as a covariate; effect size based on the estimated SD from the root mean square error.
pathology compared with placebo, but only modest effects on weight (Reas and Grilo, 2014) . Placebo-controlled studies of topiramate (Claudino et al, 2007; McElroy et al, 2003 McElroy et al, , 2007b and sibutramine (Appolinario et al, 2003; Wilfley et al, 2008) have yielded significant effects on frequency of binge eating, other BED-related psychopathology, and weight. However, sibutramine is no longer marketed and the use of topiramate has been limited due to side effects, mainly cognitive impairment (Arif et al, 2009) . The results of several small randomized, controlled trials of orlistat in BED have been mixed (Golay et al, 2005; Grilo et al, 2005; Grilo and White, 2013) . Clinical trials to assess other agents for BED have been conducted, but there has only been at most a single placebo-controlled trial for any given medication and the sample sizes are small (Reas and Grilo, 2014) . Statistically significant findings in favor of efficacy over placebo have been reported in a limited number of studies (Corwin et al, 2012; McElroy et al, 2006 McElroy et al, , 2007a Pataky et al, 2013) .
The safety and tolerability profile of LDX observed regarding overall TEAEs, TEAEs leading to discontinuation, vital signs, and ECGs were consistent with published reports in adults with BED (McElroy et al, 2015) or attention-deficit/ hyperactivity disorder (Adler et al, 2008; Wigal et al, 2010) . Headache, insomnia, and dry mouth were the most frequently reported TEAEs with LDX in each study. Discontinuations due to TEAEs with LDX in these studies (6.3% and 3.9%) are comparable to a published phase 2 study of LDX in BED (McElroy et al, 2015) , to other clinical a Study 1: anaphylactic reaction and conversion disorder (each 0.5%) with placebo, syncope (1.0%) and cholecystitis (0.5%) with LDX; study 2: fibula fracture, syncope, agitation, and anxiety (each 0.5%) with placebo, lumbar vertebral fracture (0.6%) with LDX. b Study 1: chest discomfort, palpitations, conversion disorder, anaphylactic reaction, and venous insufficiency with placebo (each 0.5%), and syncope and irritability (each 1.0%) and feeling jittery, headache, tachycardia, cholecystitis, increased gamma-glutamyltransferase, fungal pneumonia, anxiety, and dyspnea (each 0.5%) with LDX; study 2: anxiety, fibula fracture, blood pressure increase, and bradycardia (each 0.5%) with placebo and initial insomnia, insomnia, optic atrophy, upper abdominal pain, lumbar vertebral fracture, increased heart rate, and rash (each 0.6%) with LDX.
studies of LDX for which LDX is indicated (Adler et al, 2008; Wigal et al, 2010) , and to other BED pharmacotherapy trials with other agents (Claudino et al, 2007; McElroy et al, 2003 McElroy et al, , 2007a . These findings should be considered in light of potential limitations. Study participants were mainly women, white, overweight or obese, and did not have any current psychiatric comorbidities. As a result, caution is needed when generalizing to a more heterogeneous population. In addition, the short-term nature of the studies precludes extrapolations to the long-term efficacy, tolerability, and safety of LDX in individuals with BED. Also, comparisons of the efficacy of LDX in participants receiving vs not receiving psychotherapy for BED were not conducted because the number of participants receiving psychotherapy for BED in the past or currently was small in both studies.
Taken together, the findings from both of these studies demonstrate that LDX may be an effective pharmacotherapy for BED. Further long-term studies are warranted to extend the results of these studies.
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